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Supplemental Figure S1 : Characterization of antibodies against endogenous mouse Gli2 and Gli3 (A) Western blots of lysates derived from wild-type (wt), Gli2 -/-, and Gli3 -/-mouse embryonic fibroblasts (MEFs) and embryos. Bands corresponding to endogenous Gli2, Gli3 full-length (FL), and Gli3 repressor (R) are not detected in the corresponding null cells and embryos. Note that some nonspecific bands are apparent in Gli3 -/-MEFs, consistent with Gli3 antibodies developed by others that can detect endogenous Gli3 (Wang et al., 2000) . Tubulin was used as the loading control and numbers on the right indicate positions of protein standards.
(B) Gli2 -/-and Gli3 -/-MEFs were stained with antibodies against either Gli2 or Gli3 and acetylated tubulin (AC) (to mark primary cilia). No Gli2 or Gli3 immunoreactivity was seen in the primary cilium in null cells, in the presence or absence (data not shown) of ShhN. Quantification of the number of cilia showing Gli2, Gli3, and Sufu staining in mouse embryonic fibroblasts (MEFs). For all individual data points, a minimum of two independent experiments was performed, with a minimum of 100 cilia counted in each experiment. (A) Gli2 and Gli3 staining on the primary cilium in wild-type MEFs increases after stimulation with ShhN. Gli2 is not observed on the primary cilium in the absence of ShhN, but the number of Gli2 + cilia increase with prolonged exposure to ligand. Gli3 is typically found in approximately 40% of cilia; this number transiently increases tõ 90% after brief (1 hr) exposure to ShhN, with a corresponding increase in intensity of staining along the entire length of the cilium. By contrast, mouse Sufu is detected in roughly 90% of cilia irrespective of the state of Hedgehog (Hh) pathway activation. (B) Retroviral introduction of FLAG-tagged mouse (m), zebrafish (z), and fly (d) Sufu into Sufu -/-MEFs restores Gli2 and Gli3 localization to the primary cilium. Mouse and zebrafish Sufu rescue ciliary localization of Gli2 and Gli3 to a greater extent than fly Sufu, consistent with the ability of the respective Sufu proteins to rescue total cellular Gli2 and Gli3 levels. Expression of mSufu D159A , which has reduced binding affinity for Gli proteins, does not rescue Gli2 or Gli3 ciliary localization. Interestingly, epitope-tagged zSufu and dSufu were not detected on the primary cilium. (C Figure S4 : Gli2 and Gli3 protein levels are greatly reduced in both the nuclear and cytoplasmic fractions in the absence of Sufu Western blots of nuclear (N) and cytoplasmic (C) fractions derived from wild-type (wt) and Sufu -/-mouse embryonic fibroblasts (MEFs) through differential salt extraction. Gli2 is present in the cytoplasmic fraction and is barely detectable in the nuclear fraction of wt MEFs. Gli2 distribution is unaffected by Shh treatment. Gli3 repressor (R) is present in the nuclear fraction of untreated MEFs and disappears upon addition of Shh ligand. Full-length (FL) Gli3 mainly resides in the cytoplasm and its level is enhanced by Shh stimulation. Lack of full-length nuclear Gli2 and Gli3 could be due to rapid nuclear export or nuclear degradation, similar to Ci (Chen et al. 1999 ). Gli2 and Gli3 are barely detectable in either the nucleus or cytoplasm of Sufu-deficient MEFs. BRG1 and tubulin were used to assess successful isolation of the nuclear and cytoplasmic fractions respectively; numbers on the right indicate positions of protein standards. Gli2 and Gli3 (mGli2 and mGli3, green) were expressed singly or together with either Drosophila Sufu (dSufu, red) or zebrafish Sufu (zSufu, red) in wild-type (wt) mouse embryonic fibroblasts (MEFs). mGli2 expression pattern is unaffected by the presence of dSufu. By contrast, dSufu appears to sequester mGli3 in the cytoplasm. This is consistent with the observation that dSufu has a higher affinity for mGli3 than mGli2 as determined by co-immunoprecipitation. Co-expression of zSufu with mGli2 and mGli3 led to prominent cytoplasmic distributions of mGli2 and mGli3, consistent with sequestration of mGli2 and mGli3 by zSufu via high-affinity binding. Figure S14 : Spop and Gli3 localization in CHO, COS7, and MEF cell lines (A) Spop-Myc and Gli3-FLAG were expressed singly or together in CHO and COS7 cells. Notably, both nuclear and cytoplasmic Spop punctae were seen in CHO cells. Spop is primarily nuclear and perinuclear in COS7 cells, similar to published reports in this cell line (Nagai et al., 1997) and HeLa cells (Kwon et al., 2006) . Gli3 is concentrated in the nucleus, but is redistributed to Spop-containing foci both in CHO and COS7 cells. (B) Spop-Myc was transfected in wild-type mouse embryonic fibroblasts (MEFs), and cells were incubated overnight in the absence or presence of the nuclear export inhibitor leptomycin B (LMB). Spop was largely cytosolic in the absence of LMB, but was retained in the nucleus and formed some foci/punctae after LMB exposure. We speculate that the subcellular distribution of Spop varies from cell line to cell line, and may depend on the relative amounts of both nuclear import/export factors, as well as components of relevant E3 ubiquitin ligase complexes.
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Supplemental Figure S15 : Spop does not affect MyoD or FoxC2 protein levels (A) Western blot of lysates derived from HEK 293T cells expressing FLAG-tagged MyoD or FoxC2 singly or in combination with FLAG-tagged Spop probed with anti-FLAG antibodies. Co-expression of MyoD or FoxC2 with Spop has no effect on protein levels of MyoD or FoxC2. This suggests that the effects of Spop on Gli2/3 protein levels ( Fig. 5B ) are specific. Tubulin was used as the loading control and numbers on the right indicate positions of protein standards. Figure S16 : Gli2, but not Gli1, activity is inhibited by Spop HEK 293T cells were transfected with either Gli1 (A) or Gli2 (B) and increasing amounts of Spop or EXT2 (control). Spop significantly reduces the ability of Gli2 to transactivate the 8xGliBS-luc Hh reporter, but has a much less pronounced effect on Gli1. EXT2 expression does not significantly modulate Gli1 or Gli2 transactivation. Data shown are the mean of four independent experiments; error bars are standard error of mean (s.e.m.).
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Supplemental Figure S17: Cul3 alone (without Spop) fails to promote Gli2 and Gli3 ubiquitination
Western blots of immunoprecipitated Gli2 and Gli3 (epitope-tagged with one copy of FLAG) to detect poly-ubiquitinated Gli proteins. Spop, a BTB (Bric-a-brac-Tramtrack-Broad complex) and MATH (Meprin and TRAF homolgy) domain-containing protein, serves as a substrate-specific adaptor to bridge substrate and Cul3-based E3 ligase [that also contains the RING finger protein RING-box protein 1 (Rbx1), also known as Roc1 or Hrt1]. The current model suggests that Rbx1 is required for neddylation of Cul3, which activates Cu3 complexes by providing a recognition site for ubiquitinconjugating enzyme (E2), leading to ubiquitination of Gli2 and Gli3 (Sumara et al. 2008 ). Cul3 alone (without Spop) is not sufficient to promote Gli2 or Gli3 ubiquitination. IP, immunoprecipitation; WB, Western blot. A reduction in Gli2 (A) and Gli3 protein levels (B) was seen in the presence of Spop; this was inhibited with the addition of the proteasome inhibitor MG132. Tubulin serves as the loading control.
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Supplemental Figure S19: Spop directs Gli2 and Gli3 to Cul3 (+) foci
Spop has been shown to be an adaptor protein for Cul3 ubiquitin ligases (Kwon et al., 2006) . In wildtype mouse embryonic fibroblasts (MEFs), co-expressed Cul3-Myc and Gli2-FLAG or Gli3-FLAG do not extensively overlap (top two rows). By contrast (and in agreement with the above report), coexpressed Spop-HA and Cul3-Myc show overlap in punctae in the nucleus and cytoplasm (middle row). Transfection of Spop with Gli2/Gli3 and Cul3 caused co-localization of Gli2 and Gli3 with Cul3 punctae (bottom two rows). Thus, at the subcellular level, Spop likely directs Gli2 and Gli3 to the Cul3-based E3 ubiquitin ligase complex for polyubiquitination and subsequent degradation. Figure S23 : Mouse and zebrafish Sufu bind Gli proteins more strongly than Sufu D159A or fly Sufu HEK 293T cells were transfected with various Sufu-FLAG constructs and either Gli-Myc, Gli2, or Gli3 constructs. Immunoprecipitations were performed with anti-FLAG beads as described in Materials and Methods. (A) Mouse (mSufu) and zebrafish Sufu (zSufu) bind strongly to Gli1, Gli2, and Gli3, and zSufu consistently binds more Gli2 than mSufu. Fly Sufu (dSufu) binds weakly to Gli1, Gli2, and Gli3, correlating with its reduced ability to restore a dynamic range of Hedgehog (Hh) response and the partial rescue of Gli levels in Sufu -/-mouse embryonic fibroblasts (MEFs) ( Figure 4B ). This may be due to coevolution of the relevant interacting surfaces of dSufu and Ci. (B) Wild-type mSufu binds Gli1, Gli2, and Gli3 with greater affinity than mSufu D159A mutant. As with dSufu, this weakened binding affinity correlates with a reduced rescue of Hh response in Figure 4B . In, input; IP, immunopreciptate; WB, Western blot. Figure S25 : SAP18 localization is unaffected by Sufu, and SAP18 does not significantly affect Gli1 or Gli2 activity (A) Human SAP18-FLAG and mouse Sufu-Myc were co-expressed in wild-type (top row), Sufu -/-(middle row), and Ptch1 -/-(bottom row) mouse embryonic fibroblasts (MEFs). In all cases, SAP18 was found primarily in the nucleus, and Sufu in both the cytoplasm and nucleus. SAP18 was also found in the nucleus in the absence of Sufu in all three MEF lines (data not shown). (B) SAP18 was transfected alone, with Gli1, Gli2, or with Sufu and Gli1 or Gli2 in wild-type, Sufu -/-, or Ptch1 -/-MEFs. Gli3R (truncated after amino acid residue 722) was used as a positive control. Notably, SAP18 alone or in combination with Gli1 or Gli2 did not affect basal or stimulated levels of the 8xGliBS-luc reporter. A small amount of overexpressed Sufu had a modest effect on Gli activation, similar to what was previously reported (Cheng and Bishop, 2002) . No synergistic repression of Gli1 or Gli2 activity with Sufu and SAP18 was observed in any of the cell lines. By contrast, Gli3R consistently inhibited basal and Gli1/Gli2-stimulated reporter activity. Data are the mean of three independent experiments. Three independent clones of Sufu -/-mouse embryonic fibroblasts (MEFs) were transfected with 8xGliBS-luc Hh reporter and either pRL-TK or hsp68-LacZ for normalization. Treatment with ShhNconditioned medium had no effect. Stimulation of the PKA pathway with forskolin (FSK, which activates adenylyl cyclase) or 3-isobutyl-1-methylxanthine (IBMX, which inhibits cAMP and cGMP phosphodiesterases) had no stimulatory or inhibitory effect in clones #16 and 17. We observed an increase in pRL-TK reporter activity upon FSK or IBMX treatment in clone #1, and thus normalized to hsp68-LacZ, which showed no increase in β-galactosidase activity after PKA stimulation. Taken together, activation of PKA through two different mechanisms in three different cell lines resulted in either no change, or a modest increase in Hh reporter activity in the absence of Sufu. Error bars are standard deviation (s.d.).
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Supplemental Figure S27: Hh stimulation does not affect the interactions between Sufu and Gl2/3
Wild-type mouse embryonic fibroblasts were co-transfected with Sufu-FLAG and either Gli2, or Gli3 constructs, and treated with mock or ShhN-conditioned media. Immunoprecipitations were performed with anti-FLAG beads as described Materials and Methods. Mouse Sufu (mSufu) binds strongly to Gli2 and Gli3, and the physical interactions between Sufu and Gli2/3 are not affected by stimulation with ShhN-conditioned media. In, input; IP, immunopreciptate; WB, Western blot. 
